u s e of t h e M I M d i o d e from i t s u s e i n t h e measurement of f r e q u e n c i e s t o t h e g e n e r a t i o n o f f a r i n f r a r e d r a d i a t i o n between 0.3 and 6.0 THz. d i o d e h a s p r e v i o u s l y been used i n f r e q u e n c y measurements y i e l d i n g a d e f i n i t i v e v a l u e f o r t h e speed of l i g h t and i n t h e measurement o f t h e f r e q u e n c y o f v i s i b l e r a d i a t i o n . The M I M d i o d e is t h e n o n -l i n e a r d e v i c e used i n t h e d i r e c t f r e q u e n c y measurement of t h e 88 THz (3.39 micron) helium-neon l a s e r s t a b i l i z e d on methane. T h i s f r e q u e n c y when m u l t i p l i e d by t h e wavelength of t h a t l a s e r , gave a v a l u e of t h e speed of l i g h t which was a hundred times more a c c u r a t e t h a n t h e p r e v i o u s v a l u e s [ l ] .
I n t r o d u c t i o n I n t h i s paper we d e s c r i b e t h e g e n e r a t i o n of f a r i n f r a r e d (FIR) r a d i a t i o n w i t h t h e m e t a l -i n s u l a t o r -m e t a l ( M I M ) d i o d e and t h e o p e r a t i o n of a s p e c t r o m e t e r employing t h i s d i o d e .
u s e of t h e M I M d i o d e from i t s u s e i n t h e measurement of f r e q u e n c i e s t o t h e g e n e r a t i o n o f f a r i n f r a r e d r a d i a t i o n between 0.3 and 6.0 THz. d i o d e h a s p r e v i o u s l y been used i n f r e q u e n c y measurements y i e l d i n g a d e f i n i t i v e v a l u e f o r t h e speed of l i g h t and i n t h e measurement o f t h e f r e q u e n c y o f v i s i b l e r a d i a t i o n .
The M I M d i o d e is t h e n o n -l i n e a r d e v i c e used i n t h e d i r e c t f r e q u e n c y measurement of t h e 88 THz (3.39 micron) helium-neon l a s e r s t a b i l i z e d on methane. T h i s f r e q u e n c y when m u l t i p l i e d by t h e wavelength of t h a t l a s e r , gave a v a l u e of t h e speed of l i g h t which was a hundred times more a c c u r a t e t h a n t h e p r e v i o u s v a l u e s [ l ] . W e have used t h e M I M d i o d e t o measure f r e q u e n c i e s up t o 200 THz ( 1 . 5 m i c r o n s ) , which is about t h e upper frequency l i m i t of t h e M I M . To r e a c h
t h e v i s i b l e , bulk d o u b l e r s were u s e d , and two a c c u r a t e v a l u e s o f molecular i o d i n e a b s o r p t i o n s were measured [ 2 , 31. These l e d t h e way t o t h e r e d e f i n i t i o n of t h e meter: "The meter is t h e l e n g t h of t h e p a t h t r a v e l l e d by t h e l i g h t i n vacuum d u r i n g t h e time i n t e r v a l 1/299 792 458 o f a second" [4] . T h i s d e f i n i t i o n f i x e s t h e v a l u e of c a t e x a c t l y 299 792 458 m e t e r s p e r second and p e r m i t s t h e use o f t h e l a s e r i n r e a l i z i n g t h e m e t e r . T h i s t e c h n i q u e is an e x t e n s i o n of t h e The M I M The M I M Diode I n t h e FIR we c o u p l e r a d i a t i o n i n o r o u t of t h e M I M d i o d e by u s i n g l o n g wire a n t e n n a c o u p l i n g . When t h e wavelength of t h e r a d i a t i o n becomes comparable t o t h e d i a m e t e r of t h e whisker ( i n t h e I R ) we u s e c o n i c a l a n t e n n a c o u p l i n g [ 5 1 .
I n t h e measurement of f r e q u e n c i e s , t h e M I M d i o d e i s used a s a h a rmonic-generator and mixer, and a r a d i o f r e q u e n c y h e t e r o d y n e d i f f e r e n c e ( a b e a t n o t e ) is g e n e r a t e d . I n t h e measurement of methane, t h e r a d i o f r e q u e n c y s i g n a l is g e n e r a t e d from 3 t i m e s t h e frequency of C 0 2 . p l u s t h e microwave h e t e r o d y n i n g w i t h t h e methane s t a b i l i z e d He-Ne r a d i a t i o n C61.
The d i o d e is used i n t h i s c a s e t o a c t u a l l y g e n e r a t e t h e r a d i o f r e q u e n c y d i f f e r e n c e . C o n t r i b u t i o n of t h e N a t i o n a l Bureau of S t a n d a r d s , n o t s u b j e c t t o c o p y r i g h t . Supported i n p a r t by NASA g r a n t no. W-15, O47,and The Chemical Manufacturers A s s o c i a t i o n G e n e r a t i o n of FIR R a d i a t i o n W e have observed v e r y l a r g e s i g n a l s when we mix t h e r a d i a t i o n from two C02 lasers a few MHz a p a r t . r a d i a t i o n might r a d i a t e from t h e d i o d e i f we s e l e c t e d C02 l a s e r l i n e s d i f f e r i n g by a f a r i n f r a r e d f r e q u e n c y .
r a d i a t i o n i . e . , 250 m i l l i w a t t s from e a c h laser, we were a b l e t o r a d i a t e 0.2 microwatt of f a r i n f r a r e d r a d i a t i o n C71; we have now i n c r e a s e d t h a t t o 0.7 microwatt from 100 mW from e a c h C02 l a s e r . r a d i a t i o n from 0.3 t o 6.3 THz. The t u n a b i l i t y of t h e FIR r a d i a t i o n results from t h e u s e of a high-pressure wave g u i d e C02 laser t u n a b l e by a b o u t 150 megahertz. i n f r a r e d can be covered u s i n g V a r i o u s p a i r s of C02 lasers.
To d e m o n s t r a t e t h e f a c t t h a t we had produced t u n a b l e f a r i n f r a r e d r a d i a t i o n , w e took s p e c t r a of a r o t a t i o n a l l i n e of CO. F i g u r e l a shows one o f o u r f i r s t t r a c e s .
These s i g n a l s l e d u s t o s p e c u l a t e t h a t FIR Using about 500 m i l l i w a t t s of C02
W e have g e n e r a t e d By Using t h r e e i s o t o p e s of C02 most of t h e f a r co 50
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Fig. 1 . CO ground s t a t e a b s o r p t i o n a t 576 GHz.
Trace ( a ) is t h e f i r s t t r a c e made u s i n g C02 d i f f e r e n c e r a d i a t i o n , and trace ( b ) is a r e c e n t t r a c e u s i n g t h e s p e c t r o m e t e r shown i n f i g u r e 2.
FIR S p e c t r o s c o p y
The FIR r e g i o n had been a f a i r l y i n a c t i v e r e g i o n because t h e r e were n e i t h e r good s o u r c e s of r a d i a t i o n nor good d e t e c t o r s . That s i t u a t i o n i s now changed: f i r s t , t h e r e are o v e r a thousand f i x e d f r e q u e n c y FIR laser l i n e s ; s e c o n d , v e r y good d e t e c t o r s have become a v a i l a b l e which are l i m i t e d by room t e m p e r a t u r e blackbody r a d i a t i o n . With t h e s e a d v a n c e s , r a d i o astronomy expanded i n t o t h e FIR, and measurements made on o u r atmosphere from b a l l o o n s o r h i g h -f l y i n g a i r p l a n e s a r e a l s o made i n t h e FIR r e g i o n .
Two t y p e s of t r a n s i t i o n s l i e i n t h i s r e g i o n : f i n e s t r u c t u r e t r a n s i t i o n s i n atoms and m o l e c u l e s ( t h e s e a r e magnetic d i p o l e t r a n s i t i o n s ) , and r o t a t i o n a l t r a n s i t i o n s i n l i g h t e r molecules. The l a t t e r a r e v e r y s t r o n g t r a n s i t i o n s and y i e l d a h i g h s e n s i t i v i t y . For example, FIR t r a n s i t i o n s are some l o 5 t i m e s s t r o n g e r t h a n microwave t r a n s i t i o n s . o r d e r of magnitude s t r o n g e r t h a n i n f r a r e d t r a n s i t i o n s ( v i b r a t i o n a l ) , b u t t h e y are a b o u t a hundred times weaker t h a n e l e c t r o n i c t r a n s i t i o n s i n t h e v i s i b l e .
(These r e l a t i v e s t r e n g t h s are based on t h e a b s o r p t i o n p e r molecule a t a p r e s s u r e of 133 Pa.)
They a r e a b o u t an
There a r e s e v e r a l o t h e r t e c h n i q u e s o f g e n e r a t i n g FIR r a d i a t i o n . Some backward wave o s c i l l a t o r s o p e r a t e up t o a l i t t l e above 1 THz [ 8 ] . The o l d e s t t e c h n i q u e is t h a t of g e n e r a t i n g harmonics from a k l y s t r o n or backward wave o s c i l l a t o r t 9 , 101. A more e f f i c i e n t t e c h n i q u e is t h a t of g e n e r a t i n g a f a r i n f r a r e d l a s e r s i d e b a n d [ 1 1 , 1 2 ] .
r a d i a t i o n between C02 l a s e r s can be g e n e r a t e d u s i n g e i t h e r n o n -l i n e a r The S p e c t r o m e t e r
The complete s p e c t r o m e t e r (which we c a l l a TuFIR s p e c t r o m e t e r ) is shown i n f i g . 2. waveguide l a s e r ) a r e combined on t h e beam s p l i t t e r and t h e n a r e focused on 
p t o -a c o u s t i c modulators are used t o i s o l a t e t h e l a s e r s from t h e M I M diode and t o p r o v i d e an a d d i t i o n a l 9 0 MHz of t u n a b i l i t y . The improvements i n t h e s p e c t r o m e t e r a r e i n d i c a t e d i n F i g . l b i n which t h e same t r a n s i t i o n a s i n F i g . l a w a s recorded. The s i g n a l t o n o i s e is much improved; t e n o i s e l e v e l now c o r r e s p o n d s t o a f r a c t i o n a l a b s o r p t i o n of a b o u t 1 x lo-' W i t h a 1 s t i m e -c o n s t a n t . D i f f e r e n c e frequency
The two d r i v e C02 l a s e r s ( C 0 2 l a s e r number I and t h e C02 g e n e r a t e t h e d i f f e r e n c e f r e q u e n c y from two C02 l a s e r s .
Seven CO l i n e s have been observed and t h e r o t a t i o n a l c o n s t a n t s c a l c u l a t e d . These a r e used t o p r e d i c t t h e r o t a t i o n a l f r e q u e n c i e s w i t h u n c e r t a i n t i e s from about 30 kHz f o r low J l i n e s t o a b o u t a 100 kHz on t h e h i g h J l i n e s . These f r e q u e n c i e s a r e v e r y u s e f u l a s c a l i b r a t i o n s t a n d a r d s and w i l l be p u b l i s h e d elsewhere. The f i r s t f o u r r o t a t i o n a l f r e q u e n c i e s o f HF which are about 12 t i m e s t h o s e of CO, have a l s o been measured, and their r o t a t i o n a l c o n s t a n t s have a l s o been c a l c u l a t e d .

The h i g h s e n s i t i v i t y of t h e t e c h n i q u e is demonstrated by t h e o b s e r v a t i o n of t h e s p e c t r a of t h e OH f r e e r a d i c a l . c a l c u l a t e d and t h e n used t o p r e d i c t t h e r o t a t i o n a l f r e q u e n c i e s t o an
a c c u r a c y of a b o u t k 100 kHz. of t h e s e l i n e s by about two o r d e r s o f magnitude. These OH t r a n s i t i o n f r e q u e n c i e s can now b e used by r a d i o a s t r o n o m e r s and by aeronomers t o d e t e c t and s t u d y t h i s s p e c i e s i m p o r t a n t i n o u r atmosphere and i n i n t e r s t e l l a r s p a c e . Another i m p o r t a n t a p p l i c a t i o n o f t h i s s p e c t r o scopy w i l l be i n l i n e broadening s t u d i e s of OH so t h a t a t m o s p h e r i c s p e c t r o s c o p i c d a t a c a n b e used t o y i e l d t h e c o n c e n t r a t i o n s of OH i n our atmosphere a5 a function o f a l t i t u d e .
Two r e c e n t l y observed t r a n s i e n t molecules a r e N a H and MgH. W e have observed s i x r o t a t i o n a l t r a n s i t i o n s of NaH i n t h e v = 0 manifold and s i x t r a n s i t i o n s i n t h e v = 1 manifold. The data a r e being a n a l y z e d and w i l l be p u b l i s h e d e l s e w h e r e . MgH is a v e r y i m p o r t a n t a s t r o n o m i c a l molecule and t h e o b s e r v a t i o n o f more l i n e s w i l l a l l o w t h e p r e d i c t i o n of its f r e q u e n c i e s f o r a s t r o n o m i c a l s e a r c h e s .
The e x c i t i n g u s e s of FIR s p e c t r o s c o p y have been i n d i c a t e d , and we have shown some o f t h e i n t e r e s t i n g molecules which a r e a v a i l a b l e f o r f u t u r e s t u d i e s .
The r o t a t i o n a l c o n s t a n t s have been
The r e s u l t is an improvement i n t h e accuracy F u t u r e
How e f f i c i e n t is t h e M I M d i o d e ? The I -V curve o f t u n g s t e n -n i c k e l is n e a r l y a s t r a i g h t l i n e ; b u t i t s small n o n -l i n e a r i t y a l l o w s t h e M I M diode t o d e t e c t and t o g e n e r a t e d i f f e r e n c e f r e q u e n c i e s . Because o f i t s small n o n -l i n e a r i t y , i t is n o t a very e f f i c i e n t d e v i c e . By comparison, t h e S c h o t t k y diode (which does n o t o p e r a t e w e l l above 1 THz) h a s a v e r y s h a r p bend i n i t s I-V c u r v e . Are t h e r e o t h e r more e f f i c i e n t d e v i c e s t h a t w i l l a l s o work a t t h i s h i g h speed?
Klaus Siemsen from t h e Canadian N a t i o n a l Research Council t e s t e d a t i n t e l l u r i d e d i o d e i n o u r NBS l a b o r a t o r y . I t is about f i v e times more e f f i c i e n t than n i c k e l ; however, it is l e s s s t a b l e , and we s t i l l p r e f e r n i c k e l a s a b a s e .
The I -V curve of t u n g s t e n -c o b a l t is n e a r l y symmetrical ( t u n g s t e n -n i c k e l ' s c u r v e is a s y m m e t r i c a l ) . T h i s d i o d e does n o t d e t e c t w e l l and does n o t produce d i f f e r e n c e r a d i a t i o n a s p r e d i c t e d by i t s symmetrical I -V c u r v e ; however, i t does g e n e r a t e a 3rd o r d e r s i g n a l v e r y w e l l . T h i s p e r m i t s t h e g e n e r a t i o n of t h e d i f f e r e n c e between two C02 lasers p l u s and minus microwave r a d i a t i o n . T h i s is very e x c i t i n g , b e c a u s e w e now o b t a i n n e a r l y can now cover t h e e n t i r e f a r i n f r a r e d by u s i n g 150 p a i r s of C02 d i f f e re n c e s p l u s and minus microwave r a d i a t i o n . The M I M d i o d e is more and more p e r p l e x i n g . The mechanism r e s p o n s i b l e f o r t h e o p e r a t i o n o f t h e d i o d e seems t o be t u n n e l i n g ; however, we a r e n o t even s u r e o f t h a t [SI.
Does t h e d i o d e a l s o radiate t h e sum frequency? It probably d o e s , b u t t h i s is i n t h e r e g i o n where blackbody room-temperature r a d i a t i o n swamp t h e p o t e n t i a l I R r a d i a t i o n from t h e d i o d e ; we w i l l need a h e t e r o d y n e o r i n t e r f e r o m e t r i c t e c h n i q u e t o d e t e c t i t . Communication's a p p l i c a t i o n s w i t h t e r a h e r t z bandwidth is a The Rydberg w i l l c e r t a i n l y be d i r e c t l y frequency-measured i n t h e n e a r f u t u r e . The time s t a n d a r d i t s e l f p r e s e n t l y is cesium i n t h e microwave r e g i o n : i t w i l l b e improved by o p t i c a l l y pumping cesium w i t h a l a s e r L151. F u r t h e r i n t h e f u t u r e , a s t o r e d i o n s t a n d a r d i n t h e v i s i b l e [161 may become t h e f r e q u e n c y s t a n d a r d , t h e n f r e q u e n c y m u l t i p l i c a t i o n from t h e microwave t o t h e v i s i b l e w i l l b e a b s o l u t e l y e s s e n t i a l .
I n c l o s i n g , t h e f u t u r e of t h i s f i e l d of f r e q u e n c y measurement and s y n t h e s i s l o o k s v e r y b r i g h t indeed! The a u t h o r s would l i k e t o acknowledge t h e a s s i s t a n c e i n bolometer d e s i g n 
